The total cellular mass of the small intestine is well controlled and can adapt, with hypo-or hyperplasia, to a wide variety of stimuli. Luminal nutrients, hormonal factors and pancreatic and biliary secretions have all been implicated in the regulation of intestinal mucosal growth. The polyamines (putrescine, spermidine and spermine) and the key enzyme controlling their synthesis (ornithine decarboxylase, ODC) are critical for many cell growth processes and appear to play important roles in intestinal growth. During intestinal adaptation in response to jejunectomy, lactation, pancreaticbiliary diversion, starvation-refeeding and feeding with kidney bean lectin, intestinal contents of ODC and polyamines are increased, paralleling increases in mucosal proliferative indices and DNA synthesis. With administration of the specific inhibitor of ODC (difluoromethylornithine, DFMO) the increase in ODC and polyamines is inhibited and intestinal growth is suppressed. In addition, the oral administration of exogenous polyamines results in precocious maturation of the neonatal rat intestine. These results suggest that the polyamines are important for intestinal growth.
O I X ' und the polyamines
Ornithine is the substrate for the biosynthesis of the polyamines putrescine, spermidine and spermine. It is decarboxylated by ODC to form putrescine, and this reaction is the first and often rate-limiting step in polyamine biosynthesis. The polyamines are polycationic compounds found in all nucleated prokaryotic and eukaryotic cells studied. They have been shown to be growth factors for many prokaryotic and eukaryotic cells studied. ODC has one of the shortest half-lives known for a mammalian enzyme, ranging from 7 to 1 S min in different reports. The basal activity of ODC is low in resting and non-dividing tissues. But marked increases in enzyme activity and rapid accumulation of tissue polyamines occur during rapid tissue and cell growth, as shown in studies of embryonic growth, tumour growth and increased secretory activity of endocrine glands. This increase in ODC activity is one of the earliest cellular events during the transition of cells from quiescence to active proliferation [ 1-61,
The availability of the specific enzyme-activated, irreversible ODC inhibitor, DFMO, has made possible the sustained depletion of polyamines and allowed documentation of the critical role of the polyamines in many growth processes [ 7 ] . DFMO has no acute pharmacological activity other than the selective inhibition of ODC, and is virtually non-toxic in normal mice and rats at doses sufficient for in vivo inhibition of tissue with embryogenesis, and intestinal, pancreatic and hepatic growth [3] [4] [5] [6] 81 . These results suggest that increases in ODC activity and polyamine synthesis may play essential roles in mammalian cellular growth processes.
Polyamines and intestinal growth
Using the newborn rat intestinal maturation model, we found increases in mucosal polyamine content and ODC activity during the time period of maximal intestinal mucosal growth. DFMO produced an abrogation of the maturation process. These early results suggested that the polyamines may indeed play a critical role in intestinal mucosal growth All three natur,~lly-occurring polyamines, as well as cadaverine, are fomd throughout the entire length of the intestinal tract of the normal rat. Spermidine was present in the largest amount for each of the intestinal segments, followed by spermine, putrescine and cadaverine. There was a proximal to distal gradient in the amounts of all the polyamines per length of intestine with proximal duodenal levels being greatest [ 101. The spermidine/spermine ratio was also highest in the duodenum and lowest in the colon, and the ratio paralleled the established pattern of cellular proliferation in the intestinal tract of normal rats, being highest in the duodenum and jejunum [ 101.
During mucosal adaptive hyperplastic growth, both polyamine content and ODC increase in parallel with the increase in proliferative indices. Although these strongly positive correlations between the polyamines and intestinal mucosal growth arc highly suggestive of a role for the polyamines in intestinal adaptation they are by no means conclusive. Several laboratories, including ours, have found that ODC and putrescine are found in much higher concentrations in the mature, non-dividing villus tip cells than in the proliferating crypt cells [ 14, I Y ] . In more recent studies it was found that S-adenosylmethionine decarboxylase, another polyamine biosynthetic enzyme, and spermidine and spermine do show the expected distribution of being higher in the proliferating crypt cells than in the non-dividing senescent villus tip cells 11 4).
[91.
DFMO inhibition of intestinal aduptution
As described above, the administration of DFMO resulted in suppression of ODC activity and polyamine content, and resulted in delay and inhibition of intestinal adaptation [6, 8, 201 . This suggested that the increases in ODC and polyamines were important for intestinal mucosal growth.
Using the model of jejunectomy-induced intestinal adaptive hyperplasia, we showed that DFMO significantly inhibited the associated increases in ODC activity and polyamine biosynthesis. This resulted in a marked inhibition of mucosal adaptive growth, in parallel with inhibition of increases in DNA synthesis, DNA content and mucosal proliferative indices including crypt cell production rate [2 I] .
Similarly, using the lactation-hyperphagia model of intestinal adaptation, we showed that the administration of DFMO resulted in significant inhibition of the increases in ODC and polyamines and markedly inhibited the adaptive mucosal hyperplasia, in parallel with marked decreases in mucosal proliferative indices [ 121.
PO LYA MINES I O Y 1
In the pancreatic-biliary diversion model, D F M O significantly reduced intestinal spermidine and spermine levcls and the spermidinc/spermine ratio. This was associated with a marked reduction or complete prevention of the adaptive mucosal hyperplasia in both the jejunum and the ileum 1201.
D F M O has also been used t o inhibit intestinal growth in other experimental models. D F M O produced intestinal villous atrophy in the dog and monkey [22] , inhibited the adaptive growth associated with post-starvation refeeding 11-1. 231 and at least partially reversed the intestinal growth induced by plant lectins [ 171.
However. it is important to note that not all increases in intestinal mucosal polyamines during intestinal growth may be due to increased polyamine biosynthesis. In the plant lcctin intestinal hyperplasia model, mucosal polyamines are markedly increased, but O D C activity is only minimally increased. and D F M O exhibited only a minimal antiproliferative effect [ 171. It was subsequently shown that the uptake of polyamines in the enterocytes was increased and there was a preferential uptake of spermine over putrcscine in the crypt I 1x1. These results support a role for the polyamines themselves in inducing intestinal growth.
In addition. the administration of exogenous polyamincs by themselvcs can also induce intestinal growth. T h e luminal infusion o f putrescine stimulated rat intestinal mucosal growth 1231. T h e oral feeding of spermidine and spermine induces the precocious maturation o f the newborn rat intestine. both enzymatically and morphologically [ 25. 261. T h e ahovc results would appear t o support a primary role for the polyrimines in at least some models of intestinal growth.
C'oticliision
There appears t o be extensive evidence t o support the critical role of O D C and the polyamines in intestinal growth. The area o f polyamine research has grown rapidly and this includes the study of polyamines and intestinal growth. New and more potent inhibitors of polyamine biosynthesis. including more potent inhibitors of ODC, and new polyamine analogues, are now available. These new inhibitors may produce a more complete inhibition of O D C and/or a more complete depletion o f tissuc polyamines 171. They may thus allow a better elucidation o f the role o f O D C and polyamines in tissue growth processes. This increased understanding of the biology of intestinal growth will be important for patients with malnutrition, secondary to the malabsorption due to intestinal mucosal disease o r resection.
